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Abstract

Flux gate magnetometry is proposed as a possible
diagnostics of the buffered chemical polishing of a
resonator and for monitoring the hydrogen desorption
from an hydrogenated niobium sample. The technique is
contactless, non intrusive and enable the measurements of
magnetic field in the range of pico-Tesla.

1. Introduction

The Buffered Chemica Polishing (BCP) is a standard
procedure applied in several laboratories in order to etch
bulk Niobium resonators [1]. For along time a mixture of
equal parts in volume of Hydrofluoric, Nitric and
Phosphoric acid (the so-called BCP 1:1:1) has been
adopted. More recently, the community has chosen to use
a bath containing 2 parts of Phosphoric acid (BCP 1:1:2),
that, due to the lower etching rate, has a more
controllable and thermally stable chemical reaction. Even
if of crucial importance, the chemical polishing is only
one of the many steps of the resonator fabrication
process. Hence, although the process parameters are
carefully monitored, frequently BCP is just applied as a
cookery recipe, and not as a result of searching the best
process parameters. In addition to that, the Niobium
chemistry is a topic only marginally covered by literature
so far, and no clear answer is given to questions like:
“How deep is the layer charged by hydrogen during the
reaction?’, “How important is the speed of the acid
flowed into the resonator?’, “In which way the
contamination of the surface and the shape of the cavity
affect the reaction?’, “Is phosphoric acid playing merely
the role of a reaction moderator?'. Even the less
fundamental question about the etching uniformity along
the cavity profile has not an obvious solution, unless the
cavity is cut in two halves or samples are inserted into a
dummy resonator.

After the BCP it is common to bake the resonator at
800 °C in UHV, in order to favour the desorption of the
hydrogen soluted during the Niobium chemical etching.
For other reasons also, the baking of the resonator into
the cryostat for 40 hours at 115 ° C enables to achieve
high performance resonators. All these procedures have

been found in an empirical way, and much more work has
to be done in order to improve them. On the other side it
is unpractical to measure several cavities only in order to
understand if 50 hours of baking are better than 40 hours,
or if the temperature of 115 ° C is more effective then the
oneof 95°C.

The Flux-Gate Magnetometer (FGM) is a solid state
device able to measure magnetic fields in pico-Tesa
range. It is frequently adopted in severa applications,
such as magnetic arborne detection, search and
surveillance operations, non-destructive testing of
materials, palacomagnetism and exploration of magnetic
field in space missions to outer planets[2].

We propose, herein, the detection of the magnetic
field induced by the motion of the ions involved in the
above-mentioned chemical reaction by this non-intrusive
and contact less method. This is a novel application
which allows to detect the dynamics of the reaction from
the area outside the resonator and, whenever the external
noise is screened, it is very sensitive to process
parameters.

Concerning the Hydrogen solved into Niobium, due
to the peculiar electronic configuration of Niobium
[Kr]4d® 5s, the spin interaction between Hydrogen and
niobium is particularly strong, resulting into a well-
known change of the metal paramagnetism during
hydration.

A fluxgate magnetometry is a kind of diagnostics
that can be used outside of a resonator, during the
chemical etching in the same way in which the
thermometry is used for the RF tests. In the authors
opinion, this can be a suitable technique to join
guantitative estimations to the thumb rules for the
chemical polishing dtill adopted when getting rid of
hydrogen from Niobium.

2. Niobium Chemistry

Niobium behaves as a corrosion hard metal: it is not
alterable by water or hydrogen peroxide; it is not attacked
by HCI, cold H,S0,4, and HNO; and their mixtures; aqua-
regia has no effect [3].

According to Fig. 1, the Niobium is not in itself corrosion
resistant and its immunity is due entirely to surface oxide



films. Two are the main ways to etch Niobium: &) in hot
NaOH saturated solution and Hydrogen Peroxide; b) in
HF, just adding some HNOs.

In the former solution, the Niobium pentaoxyde is
converted in NaNbOs. The Hydrogen Peroxide oxides the
Sodium Niobate into a Perniobate NagNbOg that is
unstable and gets easily hydrated. The main drawback of
that attack is the Niobium embrittlement due to the
formation of a hydrogen poor b-niobium hydrate with the
formula NbH, ;.

The latter process is definitely more convenient.
Hydrofluoric acid alone has little effect on Niobium, but
if some Nitric is added an exothermic reaction is
immediately ignited. A little amount of Nitric acid indeed
oxides Niobium; the hydrofluoric acid reduces the oxide
into a halide salt that is soluble in water. Phosphoric acid
is added in order to moderate the reaction.

Even if the reaction is more complex than this, the
following formulas give a good description of the main
mechanism:

2 Nb + 10 HNO3; = Nb,Os + 10 NO; + 5H,0
and
Nb,Os + 10 HF = 2 NbFs + 5 H,0;
hence
Nb+5HNO3+5HF:NbF5+5N02+5H20

Among the severa possible Niobium Oxides as
NbO, Nb,O and sub-oxides NbO,, only the Nb,Os is
stable and it is formed in the gphase in the aqueous
solution by the nitric acid.

In reality several complex salts form during the
reaction. The NbFs has a tetramerous structure of the type
NbyF, composed of a sguare of Niobium atoms with
interposed fluorine atoms in each half side, while the
other fluorine atoms complete an octahedral around
Niobium atoms. Fluorine-complexes, based on the
[NbF¢]~ and on the less probable [NbF;]? anion, can be
found in solution together with the complex oxi-halides
[NbOFs] * and [NbOF] 2 .

The Niobium does not form simple ionic
phosphates, and the NbOPO;, is formed by the g Nb,Os
and Phosphoric acid.

The effect on the etching rate of the different
percentage of the three acids is displayed in the ternary
diagram of fig. 1 or equivalently in the 3-d graph of fig.
2. We can notice that the same etching rate of the 1:1:1
mixture can be obtained by decreasing the nitric
percentage and increasing the phosphoric or vice versa. In
other words, the reduction effect of Hydrofluoric acid is
so high that alittle fraction of the oxidant agent (nitric) is
needed in order to solute Niobium; more Phosphoric in
this case is needed for smoothing the reaction.

One could think that it is rather improbable that the
lowest surface roughness and the lowest hydrogen
absorption are obtained at the ratios 1:1:1 or 1:1:2
commonly utilised for Niobium cavities. The authors
have explored the effect on roughness of different ratios
for the HF : HNO; : H3PO, mixture. Measurements show
that the etched Niobium roughness is more influenced by
the quantity of phosphoric acid percentage rather than
that of nitric acid.
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Fig. 1 Curves of equal etching rate (removed micron per
minute) versus BCP percentages. We have etched
Niobium cubes of 4 mm side into 40 ml of etching
solution for 18 minutes.
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Fig. 2 The samedata of Fig. 1 are here displayed in 3-d,
by plotting the etching rate versus the phosphoric acid
and hydrofluoric acid percentage (the nitric percentageis
the complement to 1 of the hydrofluoric).

In order to assess the role of the three acids, we have
elaborated the data for constructing the diagram of fig. 1.
Let us cal f, n and ph respectively the percentage of
hydrofluoric, nitric and phosforic acid in the general BCP
mixture; we will also call r the etching rate, while we will
define as the reaction moderation the quantity m = 1/r.
The etching rate of the solution 2 f : 2 n : 2 ph is
identical to that of the solution f : n : ph. Hence assuming
the condition f + n = 2, we will restricted ourselves to
observe only the effect of the two variables n and ph.

We will make the hypothesis that the rate or
equivalently the moderation depend on n or ph as the
product of two functions a(n) and b(ph). This is
equivalent to say that n and ph are two independent
variables.

m(n,ph)=1/r =a(n) b(ph)



In other words the only effect of nitric acid is only
that of oxyding Niobium oxidant, while the effect of
phosphoric acid is purely that of a reaction moderator; the
nitric acid has no spurious effects as for instance
dissociating the phosphoric.
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Fig. 3 Theinverse of the etching rate is a linear function
of the square of the phosphoric acid concentration.
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Fig. 4. The moderation effect is exponentially dependent
on3n.

In the range of n from 0.3 to 1.7, experimental
data show that the best fit of b(ph) is a parabola, while
that of a(n) is an exponential function.

Our best fit is the following,

m(n, ph) =5:10°-e®" (1 + 1.7 ph?)

The absence of the linear term in ph makes
supposing that the experimental dependence found for the
function b(ph) are the first terms of a Taylor series of an
even function, as a hyperbolic cosine for instance. The
exponential behaviour can be interpreted in the following
way: The oxidation of the niobium is compulsory for the
formation of the Halide salt. However as far as a certain
threshold is reached, the niobium oxide works as a kind
of passivated layer for the hydrofluoric acid.

3. The Fluxgate M agnetometer

The working principle of a FGM is based on the non-
linearity of the magnetic characteristic of ferromagnetic
core material in its sensing element. The device measures
the d.c. or the low-frequency a.c. component of the

magnetic field parallé to the axis of the sensing element,
with a sensitivity which ranges from 10* up to 10*
Teda. In its simplest configuration, the sensor consists of
a cylindrical core of high permeability material around
which two coaxia coils have been wound. One coil may
be caled the "bias coil", while the other the "sensing
cail", as shown in the basic configuration of Fig.5.

[1'“"{[-] 1""rll-1l
& .
My Ty f
T I |I . \si 1 H‘-_\_‘
‘ | it l Hit) ‘ s o
. S
AT

Fig.5. Bare sensor configuration. The sensor core is
excited by an a.c. current | in the excitation winding so
that the core permeability m(t) is modulated. Bey is the
measured magnetic field and H(t) the corresponding
field in the sensor core. The voltage output in the pick-up
coil with Nturnsis V.

The fluxgate provides a voltage difference
proportional to the applied field, the basic analytical
description may start from the Faraday |aw:

Ving = dF /dt = d(NAmT(t)H (t))/dt)

where F =BA is the magnetic flux in the material; A isthe
area of the sensor perpendicular to the magnetic field;
H(t) is the magnetic field in the sensor core and mt) is the
sensor core relative permeability. The permeability of the
core is usually modulated by superimposing an a.c.
magnetic field which causes the permeability to go trough
a maximum twice per drive cycle. This produces a
voltage proportional to B at the second harmonic of the
drive frequency. In the design of a real sensor the
magnetic field H, due to demagnetisation effects, is lower
than the measured field He outside of the sensor core.
For this reason the output equation of the induced voltage
becomes:

Ving = NAdB/dt = NAMH o (1-D)/[1+D(m1)]2 dnt)/dt

being D the effective demagnetising factor.

The magnetic signal is detected generaly by using a
Phase Sensitive Detection technique (PSD), further
details about the electronics characteristics of such
magnetometers are in reference [4]. The PSD technique
used for the sensor enables it to work in a bandwidth
ranging from d.c. to afew kHz, typically 3-5 kHz.

The noise limiting the sensitivity of a fluxgate is
determinate by the Berkhausen noise associated with
movement of domain walls in the core as bias is applied
[5]. The resolution of the fluxgate magnetometer is
principaly limited by the stability of the zero sensor. The
change of the offset depends by the noise level and on the
time instability of the sensor [6]. The spectral density of
the magnetic field noise is roughly constant from
frequencies below about 1Hz up to 1kHz. In high quality



commercial systems the corresponding noise level can be
as low 20pT/Hz"? in amagnetically shielded chamber.

4. Experiment and results
The following measurements have been performed:
1) Monitoring of the magnetic signal due to the
Niobium chemical etching of different BCP 1:1:x
solution, ranging between 1:1:1 and 1:1:2, in order to
detect any correlation of the magnetic signal versus the
etching rate.
2) Monitoring of the magnetic signal above a Copper
cavity (at the equator and at the cut-off tube close to the
iris) across which a flow of Ammonium Persulphate was
fluxed, in order to detect the different corrosion effect.
3) Magnetic field measurements in a gradiometric
configuration above a electrolitycally hydrogenated
Niobium sample.

4.1 Theflux gate signal for monitoring the

etching ratefor Nb pillsin BCP 1:1:x
We have monitored the magnetic signal caused
by the Niobium chemical etching of different BCP 1:1:x
solution, investigating the region between 1:1:1 and
1:1:2, in order to detect any correlation with the etching
rate.

4.1.1 Experimental set-up

The magnetic signa due to the ongoing etching on
Niobium high purity material in acid solution, has been
detected using a low noise commercia fluxgate
magnetometers (Bartington). In order to reduce the
environmental magnetic noise, the sensors have been
mounted in gradiometric configuration inside a magnetic
shield consisted of three coaxia cylinders of mu-metal
and aluminium. The 6 mm thick outer aluminium shield
has a length of 250 mm and an internal diameter of
90mm. The 0.1mm thick mu-metal cylinder in the middle
has a length of 245mm and a diameter of 70mm. The
inner 1.5mm thick aluminium shield is 240mm high and
has a diameter of 65mm. The overall structure is designed
to avoid mechanical vibration during the experiments.

The 3mm thick Niobium disk with a diameter of
35mm is located inside a Teflon vessel, contained the
acid solution, and it is mounted on the detector
magnetometer, the overall distance between the metallic
disk and the sensor is 1.1mm. The sensors are orientated
in order to detect the component of magnetic field
parallel to the niobium disk surface. The geometrical
details of the experimental set-up are sketched in Fig.6.

In order to decrease the intensity of the static earth
magnetic field and to reject noise disturbances from
distant field source, the output voltage of the two
magnetometers located at different distances from the
sample are electronically subtracted. In this way the
spatial first derivative of the magnetic field is measured.
In this type of configuration, caled electronic
gradiometer, it is essential to optimise the distance
between the sensors, defined baseline, to remove
magnetic noise disturbances without subtracting

significant amount of signal [7]. The optimised baseline
used in thiswork is 80 mm.
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Fig 6. Experimental set-up. 1) Niobium disk; 2)
Teflon vessel filled with 40ml of Acid solution; 3)
Fluxgate magnetometers sensors housed in a Plexiglas
holder: detector and reference magnetometers are in a
first order gradiometer configuration; 4) Aluminium
shields; 5) mu-metal shield.

Successively the signal isfiltered and amplified in the
bandwidth ranging from 0.0 to 3.0Hz using an EG& G
110 PARC amplifier. Finaly the signa is time and
frequency domain analysed using a HP 35670A-spectrum
analyser.

4.1.2 Results
For the chemical etching on Niobium disks, the
measurements have been done in the frequency domain in
the bandwidth 0-1.5Hz. The fluxgate conversion factor
was 143000 V/T. Sensors were filtered in the bandwidth
0-3Hz by a battery supplied Par Amplifier. The baseline
of the measurement gradiometer was 80 mm.
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Fig. 7 Spectrum of the magnetic signal versus
frequencies. Passing from BCP 1:1:2 to BCP 1:1:1,
decreasing the phosphoric percentage, the signal
becomes monotonically more and more intense.



The screening due to the mu-metal and the double
aluminium screen at frequency line power (50 Hz) was of
54 dB in a further Faraday cage. In this conditions, the
gradiometer sensitivity, measured at frequency of 1Hz
was of 11pT. The total time of acquisition was of 18
minutes and the average charging time 14 sec.

The measured spectra of fig. 7 clearly show a
dependence of the magnetic signal from the phosphoric
acid concentration in the bandwidth 0.015- 1.5Hz.

The behaviour of magnetic field versus the
percentage x of the phosphoric acid in BCP is plotted in
figure 8, by reporting the integral average of the acquired
spectra.
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Fig. 8 Average of magnetic field calculated integrating
the spectrain figure7.

In figure 9 the average field is plotted versus the
etching rate. The possibility to plot data along a straight
line gives the best indication of the device linearity for
this application.
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Fig.9 The average field is plotted versus rate. The
measurements for x = 1 an x = 1.2 were not considered
due to the uncontrollable heating of the solution.

4.2 Flux gate monitoring externally to a 3

GHz Copper resonator during the etching
We have monitored of the magnetic signal above a
Copper cavity (at the equator and at the cut-off tube close
to the iris) across which a flow of Ammonium
Persulphate was fluxed, in order to detect the different
corrosion effect.

4.2.1 Experimental set up

Two sensors have been set in  magnetometer
configuration outside a 3 GHz Copper mono-cell
resonator. The sensor B2 was located at the equator,
while the sensor B1 was located on the cut-off tube close

to the iris, both the sensors are oriented to measure the
magnetic field parallel to the Copper surface.
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Fig. 10 The cavity is a 3GHz Copper monocell placed
horizontal into a double mu-metal tubular screen
alternated by three Aluminium tubes. The flux of
Ammonium Persulphate in a concentration of 30 g/It is of
the order of 1llt/min. The measurement takes around 45
minutes and the rms values of the magnetic field are
obtained up 500 averages. The probes Bl and B2 arein a
magnetometer configuration.

4.2.2 Results
Figure 11 reports the detected average field (in the Pico-
Tedla range). The reported values have been extracted
from the noise spectra integrating on the 0.03-1.556Hz
bandwidth.
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Fig. 11. Average magnetic field at the equator B2 (blue
dots) and at the iris B1 (red sguares). The measurements
were done out of the cavity in three different conditions:
a) the cavity was empty with no liquid flowing; b) into the
cavity was circulating a deionized water flow; c) the
cavity was chemically etched by circulating Ammonium
peroxide solution

From the measurements, it appears the following:
when no liquid circulates into the cavity, the magnetic
field value at the iris and at the equator coincide; The
signal difference becomes more evident already when the
water is flowing, presumably due to the Copper
Oxydation. The signal becomes definitely stronger as
soon the acid is flowing into the cavity.



4.3 M easurements on a hydrogenated

Niobium sample
We have performed magnetic field measurements in a
gradiometric configuration above a electrolitycaly
hydrogenated. Niobium sample. In order to desorb the
hydrogen solved into Niobium after the first measurement
the sample was baked in vacuum at a temperature of 100
°C, for 6 hours.

The reaction between Hydrogen and Niobium

involves three main processes adsorption, absorption and
diffusion. The most favourable temperature to which
Niobium must be heated then for Hydrogen desorption is
900 °C. However partial desorption starts already at 100 °
cI8].
As displayed in fig. 12 the difference between the
measurement before and after vacuum baking of the
Niobium sample shows a substantial difference between
the two signals before and after baking, the maximum
difference being about 230 PT.
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Figure 12 Spectra taken in gradiometric

configuration for an hydrogenated niobium sample
before and after five hours of vacuum baking and further
nine hours of pumping.

5. Conclusions

In this paper we have considered the application of
the fluxgate magnetometry as powerful diagnostics
technique in the field of superconducting cavities for
particle accelerators. In particular the preliminary results
we presented herein confirm the possibility to investigate
in a contactless and non intrusive way the ongoing
corrosion of cavities due to the chemical polishing. The
authors suggest also the use of FGM for monitoring the
hydrogen desorption from Niobium heated under
vacuum. A more detailed investigation on area cavity is
needed. To detect very small hydrogen quantities, FGM

sensitivity can be further enhanced by substitution of the
sensor material or by changing geometry, electronic
detection and noise rejection techniques. Nevertheless,
when the sensitivity of FGM to the amount of hydrogen
segregation turns to be too poor, this limitation may be
overcome by adopting a more sensitive magnetic field
detectors as the SQUIDs (Superconducting Quantum
Interference Devices), that, in the same shielded
conditions, reach sensitivity as low as 0.07pT/Hz*? at 1
Hz.
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